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Abstract 
 
 
While most of the world's current power supply is generated by fossil fuels such as oil, natural gas and coal, 
These traditional fossil fuels faces a number of challenges, including increasing prices, security concerns from the 
limited number of countries which have a significant dependence on imported fossil fuel supplies, and growing 
environmental problem over the global warming associated with energy production using fossil fuels. Because of 
these concerns and other challenges to traditional fossil fuel. Recently, solar energy is considered solution of these 
energy problem[1]. Solar energy, due to its most abundance among renewable energy and wide distribution, has 
attracted much attention[2]. Because of that, many people have been research on solar cell. Solar cell device is 
classified by materials, which is silicon based solar cell, organic based solar cell compound semiconductor 
based solar cell. Traditional solar cells are made from single-crystal silicon[3]. Silicon is very abundant and 
inexpensive element in the earth's crust. However, silicon, has a narrow band gap of 1.1 eV, resulting in a 
maximum efficiency of 29%[4]. And silicon has disadvantage of increasing wafer price with increasing demand. 
Organic based solar cell is easy to fabricate[5]. But, organic based solar cell has low conversion efficiency and fast 
degradation time[6]. Lastly, compound semiconductor based solar cells have many advantages. III-V 
semiconductors, with their direct band gap and high electron mobility, are excellent materials for advanced 
optoelectronic device[7]. And band gap can be controlled from 0.3 eV to 2.5 eV by ratio of compound materials[8]. 
However compound semiconductor based solar cell has high manufacturing cost[9]. And solar cell device is also 
classified by device structure. In planar structure, solar cells have disadvantages of high level of impurities and 
crystalline defects. These disadvantages of compound semiconductor lead to reduce minority carrier diffusion 
length and decrease conversion efficiency. But, planar structure solar cells are less expensive than nanostructure 
solar cell. In nanowire based solar cell, it has many optical and electrical advantages such as ray-optics light tapping 
absorption short diffusion lengths for the minority carrier high aspect ratio. However, nanowire based solar cells 
need high process cost[10]. To combine advantages, which are compound semiconductor and nanowires, many 
researchers have studied III-V semiconductor nanowire based solar cell. As their efforts, many kinds of III-V 
semiconductor nanowire based solar cells are reported. III-V compound semiconductor nanowire based solar cells 
have advantages of high electron mobility[11], high absorption coefficient[12] as III-V compound semiconductor, 
and low reflectance[13], large surface area[14] as nanowire structure. It shows excellence electrical and optical 
performance. However previous III-V semiconductor nanowires should be grown by noble process such as vapor-
liquid-solid (VLS)[15] and selective area epitaxy (SAE)[16][17]. In this study, we try to fabricate solar cell of low 
cost and high efficiency. As a results, we fabricate solar cells device using InAs0.75P0.25/InP nanowires on silicon 
wafer grown as strain induced method. And also, we optimized morphology of InAs0.75P0.25/InP nanowires. 
InAs0.75P0.25/InP nanowires using strain-induced growth method has different geometry, diameter, height, and 
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density, varies significantly across the wafer. We identify that solar cells using densely grown InAs0.75P0.25/InP 
nanowires have low conversion efficiency for agglomeration effect. Additionally, we find solar cells using 
InAs0.75P0.25/InP nanowires have best efficiency at density of 45 × 106/cm2. And also, we construct process for 
fabrication of InAs0.75P0.25/InP nanowires based solar cells for high conversion efficiency. Optical and electrical 
properties are optimized by ITO layer condition deposited by e-beam evaporator, exposed nanowire tips by 
reactive-ion etching (RIE) process. Moreover, back surface field is used for reduce carrier recombination. And 
also, we adopt grid pattern as top contact metal for decrease series resistance. Finally, we fabricated solar 
cells, which have conversion efficiency of 11.4%. 
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1. Introduction 
 
1.1 Overview of photovoltaic industries 
 
Photovoltaic effect has been demonstrated by French physicists Edmond Becquerel in 1839. 
Charles Fritts made first solid solar cell by applying a semiconductor selenium with a thin layer of gold 
from the junctions in 1883[18]. The device was only around 1 % efficient. Improvement was gradually 
over the next 20 years[19]. Moreover, growth rate of global solar cell market is expected to increase 
sharply in the long term[20]. And c-Si solar cells dominate the world market more than 80 %. Because 
of that, silicon wafer price has been increased for high demand of the wafer[21]. For the price 
competition with fossil fuel power generation, solar cells must be able to produce less than $ 0.4 per 
watt[22]. So, it is expected that second-generation, thin film, or third-generation, new concept, 
gradually expand the global solar cell market than silicon crystalline solar cells, which have high 
processing and raw materials price[23]. Not only conventional fossil fuels, it overwhelms other 
renewable energy technologies. 
 
 
Figure. 1.1 Global annual market scenarios until 2018. 
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Figure. 1.2 Long term forecast of energy source ratio. 
 
 
Figure. 1.3 Graph for grid-parity forecast. 
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Figure. 1.4 Solar electricity cost as function of module efficiency and installation cost.  
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1.2 Classification of solar cell 
 
1.2.1 By materials 
 
Solar cells could be classified by material as silicon, compound materials, dye sensitized, 
organic. 
 
 
 
Figure. 1.5 Classification of solar cells by materials 
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1.2.1.1 Silicon solar cells 
 
Efficiency and cost are important parameters of the solar cells. In many cases, improvement of 
efficiency is accompanied by additional charge. Because of that, most solar cells that have been 
commercialized in those based on silicon[24]. They have low cost and high performance. And silicon 
based solar cell has a more stability than organic solar cell. However, silicon based solar cells need 
higher cost process than organic based solar cell. Because of this advantage of Si, there is many demands 
for Si wafer. It leads to increase of Si wafer price[25]. Moreover, band gap of Si is relatively small (1.1 
eV), therefore theoretical limit of Si based solar cells is 33.7 % (Shockley-Queisser limit)[26]. 
 
 
Figure. 1.6 Schematic representation of solar cells structure and principle of operation. 
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1.2.1.2 Organic solar cells 
 
A conventional Organic solar cells consists of several photoactive materials sandwiched between 
electrodes. In organic solar cells, sunlight is absorbed in the photoactive layers composed of accept and 
donor semiconducting organic materials to make photocurrents. The donor material donates electrons 
and mainly transports holes and the acceptor material withdraws electrons and mainly transports 
electrons. Organic semiconductors based on solution process have attracted significant interest 
alternative to ordinary inorganic solar cells. The following main advantage of the organic solar cells 
have been identified: Low weight and flexibility of solar cells, Semitransparency, Easy integration into 
other products, lower manufacturing costs compared to conventional inorganic solar cells[27]. However, 
Stability of the organic materials are not good for making stabilized solar cells. 
 
1.2.1.3 Compound semiconductor solar cells 
 
As part of our effort to minimize cost, many research group and company have tried to use other 
materials. CIGS has in fact proved to be the most successful I-III-VI compound semiconductor solar 
cell[28]. CIGS is primarily used in polycrystalline thin films. CdTe, II-VI compound semiconductor, 
solar cells are made by low cost process and have high efficiency. And also, it has advantages of 
deposition including vacuum evaporation, electrodeposition, chemical vapor deposition (CVD) and 
closed space sublimation (CSS)[29]. These solar cells such as CIGS or CdTe are generally called thin-
film solar cells for low cost solar cells. Because when it compared to crystalline Si based solar cells, 
they need semiconductor materials only a few micrometers thick. However, CIGS panels are not as 
efficient as crystalline silicon solar cells. And also, Te is one of the rarest stable solid elements in the 
Earth's crust and Cd influence to human body toxically. III-V Compound semiconductors have direct 
energy band-gap, high conversion efficiency, high electron mobility, tunable band gap, hence better 
optical and electrical property, making them excellent solar cells materials. However, III-V Compound 
semiconductors based solar cells requires high cost substrate.  
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Figure. 1.7 Schematic representation of compound semiconductor solar cell solar cells structure. 
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1.2.2 By structure 
 
1.2.2.1 Planar structure 
 
Planar wafer based crystal silicon solar cells has high impurities materials and crystalline defect. 
These weakness point of planar wafer based crystal silicon solar cells leads to a reduction in the minority 
carrier diffusion length hence, decreased conversion efficiency of solar cells. Furthermore, planar wafer 
based crystal silicon solar cells has less optical properties than nanowire based solar cells[30]. 
 
 
Figure. 1.8 Schematic representation of carrier interactions and light reflection in planar structure 
solar cells. 
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1.2.2.1 Nanowire structure 
 
Nanowire based solar cells has very short diffusion distance and need less materials than planar 
based solar cell. And also, geometries of nanowire provides the advantages of the reduced light 
reflection, extreme light trapping, which offers the opportunity for improving the efficiency in 
comparison with the planar wafer based crystal silicon[30]. 
 
Figure. 1.9 Schematic representation of carrier interactions and light reflection in core-shell 
nanowire structure solar cells. 
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1.3 Principles of solar cell 
 
Photovoltaic energy is converted to one-step conversion process, which generates electricity from 
sun light. Electrons are excited to a higher energy state by photons within the material. But, the excited 
electrons quickly relax back to ground state. In solar cell device, external circuit collects excited 
electrons before they can relax. When the solar cell absorbs sunlight, the p-n junction separates these 
electrons and holes. And also, the junction supply a potential to drive them through the external circuit 
as a current. There is general principles of p-n solar cell device in figure 1.10. This device contact with 
base of p type semiconductor and top of n type layer. Current is collected by the electrical contact to 
each area. The solar cells can be considered as a two terminal devices, which performs diode in dark 
and generates electricity in sunlight.  
 
 
Figure. 1.10 A typical planar p-n junction solar cells and its operation principles. 
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Typical voltage-current characteristics, known as the J-V curve, of a diode without irradiation is 
shown in dark in Figure 1.7. The applied potential is in the forward bias direction. The curve shows the 
turn-on and buildup of the forward bias current in the diode. Without irradiation, no current flows 
though the diode unless there is external potential applied. With incident sunlight, the J-V curve shift 
and indicates that there is external current flow from the solar cell to a passive load.  
 
 
Figure. 1.11 The current-voltage characteristics of the solar cells. 
 
Solar cell generally act as diode in the dark. However, when voltage is forward bias (V > 0), solar 
cell has much larger current than reverse bias (V < 0). This rectifying ability is a characteristic of solar 
cell device. In ideal diode, the dark current density defined as,  
 
𝐽𝑑𝑎𝑟𝑘 = 𝐽0 (𝑒
qV
κBΤ − 1)                            (1.1) 
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Where 
 J0 = constant 
 q = electronic charge 
 κB = Boltzmann constant 
 Τ = Temperature in degrees Kelvin 
 V = voltage across device 
The total current and voltage of the solar cells can be approximated as the sum of the short-circuit 
current and dark current. The large dark current density lead to decrease total current density. The net 
current density in the cell is 
 
𝐽 = 𝐽𝑆𝐶 − 𝐽𝑑𝑎𝑟𝑘                               (1.2) 
 
as from equation 1.1 
 
𝐽 = 𝐽𝑆𝐶 − 𝐽0 (𝑒
qV
κB𝛵 − 1)                            (1.3) 
 
When the terminals are isolated, open circuit voltage (Voc) is developed. And also, Voc means 
voltage of exactly same dark current and short circuit current. For the ideal diode, from Equation 1.3, 
 
𝑉𝑂𝐶 =
κB𝛵
q
ln (
𝐽𝑆𝐶
𝐽0
+ 1)                            (1.4) 
 
Solar cell device can operate to range of bias from 0 to VOC. Solar cell power is also delivered from 
this range. The solar cell power is given by 
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P = JV                                   (1.5) 
 
P is maximum power at operating range of solar cell device. This occurs at some voltage Vm with 
a corresponding current density Jm. The optimum load thus has sheet resistance given by Vm/Jm. The fill 
factor (FF) is defined as the ratio. 
 
𝐹𝐹 =
𝐽𝑚𝑉𝑚
𝐽𝑆𝐶𝑉𝑂𝐶
                                 (1.6) 
The conversion efficiency of solar cell is the power density delivered at operating point as a 
fraction of the incident light power density, Ps. 
 
𝜂 =
𝐽𝑚𝑉𝑚
𝑃𝑆
=
𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹
𝑃𝑆
                              (1.7) 
 
Ps is usually used at Air Mass 1.5 spectrum condition as incident power density of 1000 W/m2 and 
25 ℃. When we calculate conversion efficiency of solar cell, resistance of the contacts and leakage 
currents is also considered on whole device. These effects are equivalent electrically to two parasitic 
resistances in series (Rs) and (Rsh) with the solar cell. When current is flow to solar cell device, 
resistance of the device material lead to increase series resistance, especially through the front 
surface to the contacts, and from resistive contacts. The leakage of current through solar cell 
leads to increase shunt resistance, around the edges of the device and between contacts of 
different polarity. 
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Figure. 1.12 Equivalent circuit of a solar cells. 
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2. Experiments 
 
2.1 Spin on dopant (SOD) process 
 
Back surface field effect was formed by spin on dopant process. The p-Si (111) wafer need for 
cleaning buffered oxide etch treatment (1 min) and then rinse with deionized water (1 min). For deposit 
SiO2, the cleaned Si wafer was loaded in PECVD chamber without delay. And then, wafer, protected 
by SiO2, was dipped in H2SO4 - H2O2 (4:1) solution for organic cleaning at 80 ℃ for 1 min and rinse 
deionized water (1 min). Consecutively, Si wafer was dipped H2O-HF (10:1) solution. Finally, Si wafer 
was rinsed deionized water. Then, dopant solution was coated by spin coater (3000 rpm) for 30 s. Si 
wafer was loaded on hot plate at 200 ℃ for 20 min and then, annealing temperature is increase to 
1000 ℃ for 1hr in an atmosphere of N2 and O2 gas flow (3:1) on furnace. 
 
 
Figure. 2.1 Back surface filed (BSF) mechanism by spin on dopant (SOD) process.  
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2.2 Growth of InAs0.75P0.25/InP nanowires 
 
InAs0.75P0.25/InP core shell nanowires are deposited by metal organic chemical vapor deposition 
(MOCVD) (AIXTRON A200).  The p-Si (111) wafer need cleaning buffered oxide etch treatment (1 
min) and then rinse with deionized water (2 s). Then, the p-Si wafer is consecutively dipped in poly-L-
lysine solution (Sigma-Aldrich Inc.) for 3 min and rinse deionized water (10 s). The Si wafer was 
immediately loaded into MOCVD. The MOCVD chamber depressurize to 50 mbar with 15 L/min of 
hydrogen gas flow. Then, The chamber's temperature increase to 570-630 ℃ and stabilized for 10 min. 
Arsine (AsH3) gas is provided into the chamber for 1 min; then trimethylindium (TMIn) and phosphine 
(PH3) gas run into the chamber, which molar flow (mol/min) is 2 × 10-5 (PH3) and 2.2 × 10-4 (AsH3) 
respectively. The molar flow of PH3 was controlled from 4.5 × 10
-3 to 8.4 × 10-2 mol/min to 
growth of the InAs0.75P0.25. For the growth of the InP shell on the InAs0.75P0.25 nanowire surface. 
Chambers temperature is increase to 650 ℃ under mixed group V flows (AsH3 and PH3). After 
increasing temperature, AsH3 flow was stopped and TMIn run valve is opened. 
 
 
Figure. 2.2 Schematic representation of poly-L-lysine (PLL) solution treatment for uniform 
nanowires growth on p-Si (111). 
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2.3 Fabrication of solar cells 
 
We fabricate solar cell using InAs0.75P0.25/InP nanowire on p-Si (111) grown by strain induced 
method. First, we check morphology of InAs0.75P0.25/InP nanowire using FE-SEM (Hitachi-S4700). Then, 
SiO2 layer is deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) for passivation. We 
use benzocyclobutene (BCB) (3022-35 DOW inc.) for planarization and electrical insulator. It was 
loaded on hot plate at 200 ℃ for 20 min. Back contact metal (Ti/Au) is deposited on back side. And 
then, 2 inch wafer is cut to size of 10 mm × 10 mm. The BCB was dry etched with CH4/O2 gases using 
reactive ion etching (RIE) for exposing nanowires tip. (600 nm) Consecutively, ITO layer was deposited 
on exposed nanowires tip. (thickness: 400 nm, oblique angle deposition: 40 ˚, temperature: 240 ℃) 
Finally the top contact metal (Ti / Au / Ag) is deposited using grid pattern on ITO window layer. 
 
 
Figure. 2.3 Schematic representation of process flow for InAs0.75P0.25/InP nanowire solar cells 
fabrication. 
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3. Results and discussion 
 
The most efficient solar cells, should have the best optical electrical properties. Optical and 
electrical properties are affected by the geometry of nanowire and the fabrication process of solar 
cells[31]. For high conversion efficiency, we optimized the geometry of nanowire and the fabrication 
process of solar cells. To correctly compare the optical properties in InAs0.75P0.25/InP nanowire arrays, 
optical properties measurements were performed over the 300-2500 nm wavelength range using a UV-
Vis/NIR spectroscopy. Also, the electrical properties were measured by solar simulator at AM 1.5G. 
 
3.1 Morphological distribution of InAs0.75P0.25/InP nanowires 
 
Despite the continuous improvements, most nanostructured solar cells still cannot surpass the 
limits of traditional cells in terms of efficiency. The main reason is that photon management schemes 
are accompanied by poor optical and electrical properties. In this study, we optimized the morphology 
of an InAs0.75P0.25/InP nanowire array. 
 
 
Figure. 3.1 SEM of various morphology of InAs0.75P0.25/InP nanowires on p-Si (111) in terms of 
increasing density. 
 
Type of NWs 1 2 3 4 5 
Length(μm) >5 4-5 3.5-4.0 2.5-3.5 1.5-2.5 
Diameter(nm) 40-80 100-150 150-200 250-350 350-500 
Density(10
6
/cm
2
) 100 75 45 30 20 
Table. 3.1 Various morphologies of InAs0.75P0.25/InP nanowires arrays using strain induced 
growth mechanism. 
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InAs0.75P0.25/InP nanowire arrays using strain induced growth mechanism have varing morphology 
across the wafer due to the inhomogeneous strain and large composition distribution.[32] First, we 
checked the SEM image of InAs0.75P0.25/InP nanowires grown on a p-Si (111) wafer. As a results, we can 
observe that the InAs0.75P0.25/InP nanowires have difference densities of 20 × 106, 30 × 106, 45 × 106, 75 
× 106 and 100 × 106 /cm2. We also observed that the InAs0.75P0.25/InP nanowires on the p-Si (111) wafer 
has different length and diameter with each density. 
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Figure. 3.2 Reflectance of various morphology of InAs0.75P0.25/InP nanowires in terms of 
increasing density. 
 
Reflectance decreases with increasing density up to 100 × 106 /cm2. However, we observed that 
nanowires tend to merge after the BCB coating process at densities over 75×106/cm2. The merged 
nanowire arrays have weakness of optical properties and conversion efficiency of solar cell. 
Contrastively, when thickness increases over 350nm, the density of nanowire decreases sharply. 
Because of that, we fabricated a solar cell using InAs0.75P0.25/InP nanowire, which has a density of 45
×106/cm2. 
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Figure. 3.3 Distribution of InAs0.75P0.25/InP nanowires morphology with five type of conditions 
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3.2 ITO deposition by e-beam evaporator 
 
Indium tin oxide (ITO) is a material, which is commonly used in solar cells that need transparent 
and colorless conducting thin layers. We optimized the condition of ITO deposited by e-beam 
evaporator for thickness, transmittance, and resistivity. First, we measured the sheet resistance (Rs) of 
an ITO layer deposited on glass by e-beam evaporator with increasing deposition temperature of 180 to 
260 ℃. 
 
Figure 3.4 Resistivity and sheet resistance versus deposition temperature. 
Figure 3.3 shows the lowest sheet resistance at 240℃. The resistivity, ρ, of the ITO layer is 
calculated from the measured sheet resistance, Rs, and the measured thickness, tlayer, using the standard 
equation: ρ = Rs × tlayer. Then, we measured the optical properties, transmittance and reflectance, of ITO 
layer on glass deposited by e-beam evaporator with different oblique angle depositions (OAD). 
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Figure. 3.5 Transmittance spectra of the ITO layer on glass substrate for different oblique angle 
depositions (OAD). 
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Figure. 3.6 Measured wavelength and transmittance with ITO oblique angle deposition (OAD). 
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Figure. 3.7 Reflectance spectra of the ITO layer on glass for different oblique angle depositions 
(OAD). 
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Figure. 3.8 Measured wavelength and reflectance with ITO oblique angle depositions (OAD). 
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Uniformity of ITO layer occurred by the self-shadowing effect and the angular distribution of the 
deposition rate which follows the cosine distribution for oblique angle deposition (OAD). From the 
morphological changes, the effective surface area of ITO films is clearly dependent on the tilted angle 
[33]. For inclined columnar structures, the morphological characteristics certainly have an influence on 
the optical properties of the ITO film. As the incident flux angle became larger, the average 
transmittance increased from 80 % at θ = 0 ° to 95 % at θ = 40 ° at wavelengths of 300-1100 nm. In 
addition reflectance decreased from 15 % at θ = 0 ° to 5 % at θ = 40 ° at wavelengths of 300-1100 nm. 
 
 
Figure. 3.9 Schematic representation of ITO oblique angle deposition (OAD) using e-beam 
evaporator 
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The step coverage of evaporated films is poor due to the directional nature of the evaporated 
material. For uniformly deposition on exposed nanowires, the substrate is continuously shook and 
rotated, during ITO deposition. To solve the step coverage problem, we shook the substrate the of e-
beam evaporator with shook and rotated. When we deposit an ITO layer on nanowires uniformly, we 
observe that the ITO layer is deposited uniformly at an OAD of 40 °. The ITO layer is deposited 
uniformly on nanowires under an OAD of 40 ° for reducing shadow effect. For the shadow effect, an 
unconnected ITO later leads to increased series resistance. Because of that, solar cell devices deposited 
at an ITO OAD of 40 ° have the highest Jsc, hence the highest efficiency (6.4 %). 
 
Figure. 3.10 SEM image and schematic representation of ITO oblique angle deposition (OAD) 
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Figure. 3.11 J-V characteristics of InAsP/InP nanowire based solar cells with ITO deposited 
by e-beam evaporator at various oblique angles. 
 
Tilting angle 0˚ 10˚ 20˚ 30˚ 40˚ 
J
sc
 (mA/cm
2
) 14.88 15.17 20.65 22.85 29.92 
V
oc
 (V) 0.3 0.31 0.3 0.305 0.3 
FF (%) 56 49 54 41 54 
Efficiency (%) 2.2 2.5 3.4 3.7 6.4 
 
Table. 3.2 J-V characteristics of InAs0.75P0.25/InP nanowire based solar cells with ITO OAD 
deposited by e-beam evaporator. 
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Figure. 3.12 Electrical properties of InAs0.75P0.25/InP nanowire based solar cells with ITO 
deposited by e-beam evaporator at various oblique angle. 
Next, we measured the J-V curve with increasing ITO layer thickness deposited on nanowires. 
When the ITO layer is too thin under 400nm, it leads to increased series resistance. Thus, conversion 
efficiency also decrease with Voc and Jsc. Otherwise, when the ITO layer is too thick, over 400nm, the 
decrease in the conversion efficiency is due to the increase of light absorption at the ITO layer. For these 
reasons, the optimum thickness of the ITO layer is 400nm. 
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Figure. 3.13 J-V characteristics of InAs0.75P0.25/InP nanowire based solar cells with increasing 
thickness of ITO layer. 
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ITO thickness 300 nm 400 nm 500 nm 600 nm 
J
sc
 (mA/cm
2
) 17.56 30.18 24.07 21.55 
V
oc
 (V) 0.38 0.395 0.4 0.3 
FF (%) 53 55 52 59 
Efficiency (%) 3.6 6.4 5.3 3.8 
 
Table. 3.3 J-V characteristics of InAs0.75P0.25/InP nanowire based solar cells with increasing 
thickness of ITO layer. 
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Figure. 3.14 Electrical properties of InAs0.75P0.25/InP nanowire based solar cells with 
increasing thickness of ITO layer. 
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Figure. 3.15 Transmittance spectra of the ITO layer on glass for different thicknesses. 
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3.3 Reactive ion etching (RIE) treatment for exposing nanowires 
 
In our case, the p-type Si substrate and the n-type InAs0.75P0.25 nanowires form a substrate-nanowire 
p-n junction device. Benzocyclobutene (BCB) resist, is applied by spin coating and thermal curing, to 
support the vertically standing nanowires, cover the surface uniformly and insulate each nanowires[34]. 
Reactive ion etching (RIE) with a CF4 and O2 gas etches back the BCB to expose the nanowire tips for 
ITO deposition. We optimized the RIE time to investigate the influence of the nanowires tip length on 
the J-V characteristic. 
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Figure. 3.16 Reflectance of exposed nanowire tips with increasing RIE time. 
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To improve efficiency, we changed the RIE time for exposing nanowire tips. Then, we measured 
the reflectance data of the exposed nanowire tips. Reflectance is proportional to the difference exposed 
length of the nanowire tips. The length of the exposed nanowire tips increases with RIE time. Figure 
3.16 shows that the nanowire has a reflectance of 20% at an RIE time of 1200 s. 
 
 
Figure. 3.17 Schematic illustration of BCB etching by RIE process for exposing nanowires. 
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However, highly exposed nanowire tips leads to an unconnected ITO layer. So, the device with 
most exposed nanowire tips will not necessarily have the best efficiency. As shown in figure 3.18, we 
archive top efficiency at a reactive ion etching (RIE) time of 600 sec. When we do RIE treatment for 
1200 s, we observe that the BCB layer is etched deeply around the nanowires, causing the ITO layer to 
be deposited ununiformly. An ununiformly deposited ITO layer leads to decreased electrical properties 
of the solar cells. 
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Figure. 3.18 J-V characteristics of InAs0.75P0.25/InP nanowire based solar cells with increasing 
reactive ion etching (RIE) times of 200, 600, 1200 s. 
 
 200 s 600 s 1200 s 
J
sc
 (mA/cm
2
) 16.3 24.95 22.18 
V
oc
 (V) 0.355 0.43 0.405 
FF (%) 53 70 22.18 
Efficiency (%) 3.0 7.5 5.2 
 
Table. 3.4 J-V characteristics of nanowire based solar cells with increasing RIE time. 
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Figure. 3.19 Electrical properties of InAs0.75P0.25/InP nanowire based solar cells with increasing 
RIE time. 
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3.4 Back surface field (BSF) effects 
 
To obtain high efficiency solar cells, the surface carrier recombination should be low. There is a 
method for effective surface passivation, which is a built-in electric field at the back surface as a low-
high junction which improves not only the Jsc current but also the Voc of a solar cell. Widely used back 
surface field dopants are aluminum and boron. Boron diffusion has advantages in that boron is more 
soluble than aluminum. Accordingly, the surface concentration of boron is higher than aluminum. 
Furthermore, uniformity of boron diffusion yields is better than aluminum[35]. For these reasons, a 
boron-diffused back surface field (BSF) is more suitable than an aluminum-alloyed back surface field 
(BSF). We formed the back surface field (BSF) using the spin on dopant method. 
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Figure. 3.20 Sheet resistance and sheet carrier density with increasing spin on dopant (SOD) 
annealing temperature. 
 
We measured sheet resistance and sheet carrier density with increasing spin on dopant (SOD) 
annealing temperature. Figure 3.20 shows the dependence of the boron sheet resistivity on annealing 
temperature. The temperature was varied from 800 to 1100℃. The sheet resistivity for SODs (boron 
dopant solution B153, FILMTRONICS, INC.) shows the sheet resistivity decreases with increasing 
annealing temperature. 
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Figure. 3.21 Effect of boron SOD process on corresponding J-V performance. 
 Bare Si After SOD 
J
sc
 (mA/cm
2
) 28.22 29.66 
V
oc
 (V) 0.4066 0.4806 
FF (%) 59.01 71.1 
Efficiency (%) 6.7 10.1 
 
Table. 3.5 Effect of boron SOD process on corresponding J-V performance. 
The back surface field (BSF) layer generates a surface field that repels the minority carriers away 
from the back surface. For the as-fabricated InAs0.75P0.25/InP nanowire solar cells, the measured electrical 
properties are 28.22mA/cm2 in JSC, 0.4066V in VOC, 59.01% in FF, and 6.7% in efficiency. For the 
InAs0.75P0.25/InP nanowire solar cell using a post SOD processed wafer, the values are 29.66mA/cm2 in 
JSC, 0.4806V in VOC, 71.10% in FF, and 10.1% in efficiency. The significant increase in the electrical 
properties may be due to reduced carrier recombination. Decreased the carrier recombination that 
attributed to the enhancement in electrical properties with 18% increase in VOC,[36] hence overall 
improvement of 50% in efficiency.   
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3.5 Grid pattern design for top metal contact 
 
In solar cell technology, the improvement of conversion efficiency not only depends on structure 
and materials but also optimization of the front finger pattern design. If the spacing between grid lines 
is too narrow or too wide, this can cause large power loss as the current density generated by the solar 
cell is too high. If the spacing is too narrow, the loss of grid shadowing will be larger, whereas, if the 
spacing is too wide, the loss of series resistance will be larger. The losses associated with the grid 
directly influence the conversion efficiency of solar cells. Sheet resistivity, the power loss due to the 
emitter resistance can be calculated as a function of finger spacing in the top contact. The current can 
be collected from the base close to the finger and therefore has only a short distance to flow to the finger 
or, alternatively, if the current enters the emitter between the fingers, then the length of the resistive 
path seen by such a carrier is half the grid spacing. We monitored the conversion efficiency of solar 
cells with two types of grid pattern, which have finger distances (F/D) of 940μm and 440μm with a 
constant tapered 300-60µm bus bar. Grid pattern 1 has a finger distance (F/D) of 940μm and grid pattern 
2 has finger distance (F/D) of 440μm. 
 
Figure. 3.22 Two type of grid patterns with finger. (Grid pattern 1: finger distance (F/D) of 
940μm, Grid pattern 2: finger distance (F/D) of 440μm) 
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Finger distance 
NO grid 
pattern 
Bus bar 
length 
Finger 
length 
F/D 940μm 19 300-60 60-30 
F/D 440μm 39 300-60 60-30 
 
Table. 3.6 Specifications of grid pattern with difference finger distances. 
 
We fabricated grid patterns on InAs0.75P0.25 / InP nanowire based solar cells, of size 2cm×2cm. 
The grid pattern was deposited using a shadow mask. Figure 23 shows that grid pattern 2, with a 
finger distance of 440μm, lead to increased electrical properties, hence overall improvement of 
efficiency to 11.4%. 
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Figure. 3.23 J-V performance with two type of grid patterns with difference finger distance. 
(Grid pattern 1: finger distances (F/D) of 940μm, Grid pattern 2: finger distance (F/D) of 
440μm) 
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NO grid 
pattern 
F/D 
940μm 
F/D 
440μm 
J
sc
 (mA/cm
2
) 31.56 32.78 34.45 
V
oc 
(V) 0.522 0.566 0.545 
FF (%) 21.45 44.12 60.61 
Efficiency (%) 3.4 7.8 11.4 
 
Table. 3.7 J-V performance with two type of grid patterns with difference finger distance. 
(Grid pattern 1: finger distance (F/D) of 940μm, Grid pattern 2: finger distance (F/D) of 
440μm) 
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Figure. 3.24 Electrical properties of InAs0.75P0.25/InP nanowire based solar cells with different 
grid pattern finger distances. 
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4. Conclusion 
 
III-V nanowire based solar cells hold great promise for third-generation solar cells and has 
potential for powering nanoscale device. For these reasons, III-V nanowire based solar cells have 
studied by researcher. Especially, III-V nanowires can control band gap from 0.35 eV to 1.4 eV by ratio 
of compound materials. Nanowire grown as strain induced mechanism do not need noble patterning 
process. Moreover, Si is abundant and the most valuable platform in the earth. It allows for huge 
improvement in the performance of solar cells. We optimized that solar cell fabrication process toward 
high efficiency using an InAs0.75P0.25/InP nanowires grown by strain induced method. First, we study 
morphology of InAs0.75P0.25/InP nanowires grown by strain induced method. It is very important to 
nanowires density, length and thickness for high conversion efficiency. We notice that nanowires tend 
to merge at density over 75×106 /cm2 after BCB coating process. It leads to decrease open circuit voltage 
(Voc), hence decrease conversion efficiency of solar cell. For these reasons, we get best conversion 
efficiency at length of 3.5-4.0 μm, thickness of 150-200 nm. Second, we try to deposit ITO, which has 
low Resistivity and high transmittance. When ITO layer is too thin under 400 nm, it leads to increase 
series resistance. Thus, conversion efficiency also decrease with Voc and Jsc. Otherwise, when the ITO 
layer is too thick over 400 nm, the decrease in the conversion efficiency is due to the increase of light 
absorption at ITO layer. The optimum condition of ITO layer is tilting angle of 40 °, deposition 
temperature of 240 ℃, thickness of 400 nm. Third, we study RIE etching process for exposing nanowire 
tips. Benzocyclobutene (BCB) resist need for support the vertically standing nanowires on the substrate. 
We find that most exposed tip of nanowire has not necessarily best efficiency due to unconnected ITO 
layer. Fourth, we adopt back surface filed effect using SOD process for high conversion efficiency. Back 
surface field (BSF) of p type layer generate a surface field that repels the minority carriers away from 
the back surface. Finally, Short-circuit current is increased by grid pattern for top contact. Grid pattern 
reduce sheet resistance. We fabricated InAs0.75P0.25/InP nanowire based solar cells, which have conversion 
efficiency of 11.4 % at cell area of 4 cm2(finger distance: 440 μm). 
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